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Abstract. Metabolic responses to experimental anoxia 
and subsequent recovery, and to exercise were investi¬ 
gated in two different muscular tissues of the ormer, Ha¬ 
liotis lamellosa. The tissues are employed for different 
tasks by the animal. The foot is mainly responsible for 
slow gliding movements. The shell adductor muscle 
pulls down the shell for protection and in righting an ani¬ 
mal which has been dislodged from the rocks. Tissue- 
specific differences in anaerobic energy metabolism oc¬ 
cur. During 6 h of experimental anoxia, energy for both 
muscles was provided by arginine phosphate and co-fer¬ 
mentation of glycogen and aspartate. Glycolysis in the 
shell adductor muscle led mainly to the formation of the 
novel end product tauropine; D-lactate production pre¬ 
dominated in the foot. This pattern is consistent with ob¬ 
served enzymatic profiles in the two muscles and with 
the equilibrium constants of the respective enzymes, 
tauropine and D-!actate dehydrogenase. Recovery from 
anacrobiosis was characterized by a rapid return of the 
phosphagen pool and the energy charge to the aerobic 
state. A protracted time-course was observed for the 
clearance of glycolytic end products. 

Exercise, primarily powered by the shell adductor 
muscle, was mainly fueled by glycolysis resulting mostly 
in the accumulation of tauropine. 

Introduction 

In recent years different enzymes that terminate anaer¬ 
obic glycolysis, so-called opine dehydrogenases, have 
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been identified in the tissues of many marine inverte¬ 
brates (for a review, see Gade and Grieshaber, 1986). The 
products formed (octopine, strombine, or alanopine) via 
the reductive condensation of pyruvate with the respec¬ 
tive amino acid (arginine, glycine or alanine) are collec¬ 
tively known as opines: 

. . ociopine dehydrogenase 

arginmC strombine dehydrogenase 

pyruvate + glycine *f NADH + H + 

alanine alanopine dehydrogenase 

octopine 

strombine + NAD* + H : 0. 

alanopine 

Recently, a unique compound was detected in muscle 
extracts of the prosobranch gastropod, the abalone Hali¬ 
otis discus hannai (Sato et a/., 1985). It was identified as 
D-rhodoic acid (now termed tauropine), previously iso¬ 
lated from some red algae (Kuriyama, 1961). The re¬ 
sponsible enzyme, rhodoie acid dehydrogenase or tauro- 
pinc dehydrogenase, catalyzing the reaction: pyruvate 
T taurine + NADU + H* ^ tauropine + NAD 4 + H : 0, 
has been found in muscle tissue of the Japanese abalone 
as well as in the European ormer, Haliotis lamellosa 
(Sato and Gade, 1986), and subsequently purified and 
characterized in detail in the latter species (Gade, 1986). 
Certain features of this enzyme suggest a role in main¬ 
taining cytoplasmic redox balance during hypoxic condi¬ 
tions in the ormer (Gade, 1986). 

Various invertebrates can withstand hypoxic condi¬ 
tions in their habitats. Their metabolism during such a 
period of environmental anoxia is characterized by co- 
fermentation of aspartate and glycogen leading to the ac- 
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cumulation of the end products succinate, alanine and 
(in some cases) propionate and acetate. The rate of en¬ 
ergy production is low, but the yield of ATP increased 
(reviewed by de Zwaan, 1977; Schottler, 1980; Living¬ 
stone, 1982; Gade, 1983a; Storey, 1985). During exces¬ 
sive locomotory activity, the capacities of muscle tissue 
to synthesize ATP rapidly by aerobic means are limited 
and energy provisions are met during functional anoxia 
via anaerobic glycolysis resulting in the accumulation of 
lactate or the opines. The rate of energy production is 
high, but the efficiency is low (references as above and 
Gade, 1980; de Zwaan and van den Thillart, 1985; Gade 
and Meinardus, 1986; Gade and Grieshaber, 1986; 
Gade, 1987a). 

The present study concerns the anaerobic energy me¬ 
tabolism of muscle tissue in the ormer Haliotis lamel- 
losa. The strategies used to provide energy during envi¬ 
ronmental and functional anoxia are of paramount im¬ 
portance for the survival of this species. The ormer is 
epifaunal in the littoral zone, attached by its foot to 
wave-swept rocks. The broad shell acts as a protective 
shield. It is pulled down tightly by the large shell adduc¬ 
tor muscle (the right retractor or columella muscle) dur¬ 
ing low tide or vigorous wave action. When dislodged, 
ormers are extremely vulnerable to predators, especially 
since they often lie upside down. Therefore, these gastro¬ 
pods typically right themselves as fast as possible. This, 
again, is achieved mainly by relatively active movements 
of the large shell adductor muscle and with less input of 
the foot (unpub. obs.). 

Previous studies revealed interesting patterns of dehy¬ 
drogenase distribution in muscle tissue of the ormer 
(Gade, 1986). Most tauropine dehydrogenase activity is 
found in the shell adductor muscle, which contains only 
minute levels of D-lactate dehydrogenase activity. In the 
foot muscle D-lactate dehydrogenase displays the highest 
activity. This almost mutually exclusive distribution of 
the dehydrogenases, combined with the different in¬ 
volvement of the muscle tissues during environmental 
(both tissues) and functional (mainly shell adductor) an¬ 
oxia, led us to compare the energetics of the two muscle 
tissues. Furthermore, we investigated the metabolic 
events during recovery in well-aerated seawater, immedi¬ 
ately following experimental anoxia, since data on the 
fate of the accumulated end products and re-charging of 
the depleted high energy phosphates are rather scarce 
(see review by Ellington, 1983). 

This paper shows unequivocally that the fermentation 
of glycogen to the novel end product tauropine main¬ 
tains cytoplasmic redox balance during experimental as 
well as functional anoxia in the shell adductor muscle. 
D-lactate is the main fermentation product in the foot 
during 6 h of anoxia. Both glycolytic end products are 
apparently oxidized very slowly in situ. Comparison of 



Figure I. The siles of lissue-sampling (shell adductor muscle and 
foot) in the ormer, Haliotis lamellosa. The boxes identify the sites. Ad¬ 
ditionally, the enzyme activities for D-lactate dehydrogenase (LDH) 
and tauropine dehydrogenase (TDH) for each tissue are given as means 
± 1 S.D. (n = 4) in units per gram wet weight (LI g 1 wt wgt). 

the glycolytic rates during experimental and functional 
anoxia reveals a 10-fold increase in the shell adductor, 
but only an enhancement by a factor of 2 in the foot 
muscle. 

Materials and Methods 

Animals and tissues 

Specimens of the ormer Haliotis lamellosa (5-7 cm 
maximal shell length) were collected by local fishermen 
from the Bay of Naples, Italy, during October 1986. Ani¬ 
mals were maintained in flowing seawater (22-24°C) at 
the Stazione Zoologica. Animals were used in experi¬ 
ments four to six days after collection. 

Due to different profiles in the enzyme activities for 
pyruvate reductases (see Introduction), muscle tissue 
from two different organs were used in this study (Fig. 
1): we compared the metabolic changes occurring in the 
shell adductor muscle to those in the foot. The dorsal 
part of the shell adductor (near the attachment of this 
muscle to the shell), and the anterior edge of the foot just 
below the head, were always excised for study (Fig. 1). 

Biochemicals 

Biochemicals were from Sigma Chemical Company 
(Deisenhofen, FRG) and Boehringer GmbH (Mann¬ 
heim, FRG). All other chemicals were of reagent grade 
quality and came from Merck (Darmstadt, FRG). Tau¬ 
ropine dehydrogenase (EC 1.5.1.?), used to determine 
taurine and tauropine, was purified from the shell adduc¬ 
tor muscle of //. lamellosa as outlined previously (Gade, 
1987b). D-lactate dehydrogenase (EC 1.1.1.28) and octo- 
pine dehydrogenase (EC 1.5.1.11), used to assay for D- 
lactate, arginine phosphate, and arginine, respectively, 
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Figure 2. Alterations in the adenylate energy charge (E.C.) in the 
shell adductor (SA; solid circles) and foot (F; open circles) muscle of 
U allot is lamellosa during environmental anoxia and recovery (onset 
marked by arrow). Each value is a mean ± 1 S.D. (for n, see Materials 
and Methods). The asterisks denotes a significant change compared to 
controls. 

were purified from muscle tissue of the horseshoe crab, 
Limulus polyphemus (Carlsson and Gade, 1985), and 
from the adductor muscles of the scallop, Pecten jaco- 
baeus(G adeand Carlsson, 1984), respectively. 

Experimental procedure 

Metabolic responses to environmental hypoxia and re - 
covery . Twenty specimens of II. lamellosa were incu¬ 
bated in wash bottles (10 animals each) filled with about 
2 1 of seawater (22-24°C) that had been gassed with pure 
nitrogen until Po 2 (monitored with an oxygen electrode) 
reached almost zero mm Hg. After the animals were in¬ 
serted, the wash bottles were Hushed with a constant, 
slow stream of nitrogen gas. After 6 h of anoxic incuba¬ 
tion, seven animals were removed, and their shell adduc¬ 
tor and foot muscles excised, blotted, and frozen in liq¬ 
uid nitrogen. The remaining ormers were returned to 
well-aerated seawater, and subsets of four animals were 
removed at various intervals (1,3, and 13 h) and treated 
as above. Furthermore, a zero time group of seven gas¬ 


tropods were chosen for the controls. The frozen tissues 
were subsequently transported from Naples to Diissel- 
dorf on dry ice and stored at -35 6 C. 

Metabolic responses to functional hypoxia . Four ani¬ 
mals were exercised for 12 to 15 min in a large aquarium 
with flowing-seawater system. To induce exercise, the 
animals were placed upside-dowm on their shells: their 
righting movements involved, primarily, relatively vig¬ 
orous contractions of the shell adductor muscle. When 
the animals had regained their normal posture, they were 
immediately inverted again. This work was continued 
for up to 15 min, w hen movements became much slower 
and the animals appeared to be exhausted. Shell adduc¬ 
tor and foot muscles were then removed and treated as 
above. 

Metabolite assays 

Neutralized perchloric acid extracts were prepared 
from the frozen tissues of II. lamellosa according to pre¬ 
viously published methods (Gade et al. , 1978; Carlsson 
and Gade, 1986). The levels of ATP, ADP, AMP, argi¬ 
nine, and arginine phosphate were determined spectro- 
photometrically by the methods of Lamprecht and 
Trautschold (1974), Jaworcck et al. (1974), and Gade 
(1985a); the determinations w'ere made immediately af¬ 
ter neutralization of the extracts to eliminate sample 
losses. 

Other metabolites were quantitated spectrophotomet- 
rically after storage of the extracts at -25°C. The meth¬ 
ods used were those of Gawehn and Bergmeyer (1974) 
for D-lactate, Gra/?1 (1974a, b) for L- and D-alaninc, 
Bergmeyer et ai (1974) for aspartate, Williamson (1974) 
for succinate, and Gade (1987b) for taurine. Tauropine 
was determined enzymatically using tauropine dehydro¬ 
genase in an assay system almost identical to that used 
for octopine quantification (Gade, 1985b). 

All metabolite data were analysed for significant 


Table I 


Alterations in the levels of adenylates (nmoles g 1 a 7 • wgt) in shell adductor and fool muscle of Haliolis lamellosa 
during experimental anoxia and subsequent recovery 


1 ime (h) 



Shell adductor muscle 



Fool muscle 


of anoxia 
or recovery 

(n) 

ATP 

ADP 

AMP 

Sum 

ATP 

ADP 

AMP 

Sum 

Anoxia: 

0 

7 

1 25 ±0.99* 

0.96 ±0.20 

0.23 ±0.16 

4.44 ± 1.23 

0.73 ± 0.31 

0.14 ±0.06 

0.03 ±0.01 

0.90 ± 0.32 

6 

7 

3.00 ±0.68 

1.43 ±0.49 

0.54 ±0.36 

4.97 ±0.34 

0.62 + 0.32 

0.51 ±0.13 

0.10 ±0.04 

1.23 + 0.45 

Recovery: 

1 

4 

3.04 ±0.54 

0.85 ±0.17 

0.19 ±0.1 5 

4.08 ± 0.64 

0.4 1 ± 0.20 

0.13 ± 0.08 

0.02 ±0.01 

0.56 ±0.28 

3 

4 

3.81 ±0.35 

0.64 ± 0.08 

0.05 ± 0.03 

4.50 ±0.36 

0.70 ±0.19 

0.19 ±0.08 

0.03 ±0.01 

0.42 ±0.25 

13 

4 

3.09 ± 0.66 

0.58 ±0.21 

0.09 ± 0.06 

3.76 ± 0.50 

0.91 ±0.25 

0.19 ±0.11 

0.04 ±0.01 

1.14 ±0.38 


All values arc given as mean ± SD. 
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Figure 3. Time-course of the levels of arginine phosphate in the 
shell adductor (SA; solid circles) and fool (F; open circles) muscle of 
Ilaliotis lamellosa during experimental anoxia and recovery. For fur¬ 
ther details, see Figure 2. 


changes (anaerobic versus controls) by analysis of vari¬ 
ance (ANOVAR) using confidence limits of P ^ 0.05. 

Results 

Metabolic responses to environmental 
hypoxia and recovery 

The levels of the adenylates in the shell adductor mus¬ 
cle and foot during 6 h anoxia and recovery are listed 
in Table I. The calculated adenylate energy charge (E.C. 
= ATP + V 2 ADP 4- ATP + ADP + AMP) is depicted in 
Figure 2. In control animals the adenylate content of the 
shell adductor muscle was more than 4-fold compared 
with the foot muscle. This was also true for the individual 
adenylates ATP, ADP, and AMP. The concentrations of 
ADP and AMP increased during anoxia, but, due to high 
variations, these changes were not statistically significant 
in either tissue, whereas the value of the energy charge 
declined significantly in both tissues. Upon recovery, 
ADP and AMP levels as well as the energy charge re¬ 
turned to near the control state after one h. For both tis- 



Figure 4. Time-course of the levels of aspartate in the shell adduc¬ 
tor (SA; solid circles) and fool (F; open circles) muscle of Ilaliotis la¬ 
mellosa during experimental anoxia and recovery'. For further details, 
see Figure 2. 


sues, 13 h of recovery after anoxia led to marginally 
higher values of the energy charge as estimated for con¬ 
trol animals. 

The sum of the arginine containing compounds (argi¬ 
nine and arginine phosphate) in control animals was 
about 4-fold higher in the shell adductor muscle (31 
^moles/g w. wt.) than in the foot muscle (7 jimoles/g w. 
wt.), and it stayed virtually constant throughout the ex¬ 
periment (results not shown). Arginine phosphate levels 
fell drastically in the shell adductor during anoxia. A sig¬ 
nificant drop was also seen in the foot (Fig. 3). Concomi¬ 
tantly, the arginine levels rose as a mirror image (results 
not shown). During recovery, arginine phosphate levels 
rose more slowly than the energy charge value in both 
tissues and reached initial levels after 3 h. 

The aspartate levels in both tissues were the same in 
control ormers and there was a significant decline in both 
tissues upon anoxic incubation (Fig. 4). Whereas aspar¬ 
tate levels were not restored in the shell adductor during 
recovery, the levels increased slowly, but steadily, in the 
foot muscle. However, after 13 h of recovery, aspartate 
levels still differed from pre-anoxic exposure levels. 

Levels of D- and L-alanine in control animals were 3- 
to 4-fold higher in the shell adductor than in the foot 
(Fig. 5). During anoxia, both stereoisomers accumulated 
significantly in the foot muscle; L-alanine accumulated 
in the shell adductor muscle. Alanine levels in the foot 
muscle returned to control levels during recovery (Fig. 
5), but recovery was not evident in the shell adductor 
muscle. 

Initial succinate levels in control animals were slightly 
higher in the shell adductor compared to the foot (Fig. 



Figure 5. Time-course of the levels of L-alanine (upper panel) and 
D-alanine (lower panel) in the shell adductor (SA; solid circles) and 
foot (F; open circles) muscle of Ilaliotis lamellosa during experimental 
anoxia and recovery. For further details, see Figure 2. 
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6). Anoxic incubation resulted in a significant increase 
in both tissues. In the foot muscle, initial values were rap¬ 
idly achieved after 1 h of reco\ery. In contrast, succinate 
levels in the shell adductor declined more slowly, and 
took 3 h to reach pre-anoxic levels. 

Taurine levels were about twice as high in the shell ad¬ 
ductor as in the foot of control abalones. No significant 
changes occurred in the foot. There was a significant de¬ 
cline in the shell adductor muscle during anoxia without 
any restoration in the recovery’ period (Figs. 7, 8). Sub¬ 
stantial accumulations of tauropine were evident in the 
shell adductor muscle during anoxia, w hile a small, but 
significant, formation occurred in the foot muscle. In the 
latter tissue, the main anaerobic end product was D-lac- 
tate. which also accumulated in the adductor, but to a 
much lesser extent (50%) than tauropine (Figs. 7, 8). D- 
lactate levels were rapidly cleared to 50% of the anoxic 
level during the first hour of recovery’ in the foot. Both 
tauropine and D-lactate levels remained high in the shell 
adductor after 3 h of recovery . Even after 13 h of recov¬ 
ery’ these levels were still higher than the initial concen¬ 
trations before anoxia. 

No significant changes in the levels of glucose-6-phos- 
phate (0.50 and 0.15 ^moles/g w. wt. in shell adductor 
and foot muscle, respectively) were observed during an¬ 
oxic incubation and recovery’ (results not shown). 

Metabolic responses to functional hypoxia 

The levels of the adenylates, arginine-containing com¬ 
pounds, and various other metabolites in the shell ad¬ 
ductor muscle and the foot during exercise are listed in 
Table II. There was no significant change in the energy 
charge or in the levels of arginine phosphate in either tis¬ 
sue. Aspartate levels were marginally, but significantly, 
diminished in the shell adductor, whereas a small, but 
significant rise in the levels of L-alanine was observed in 
the foot. As main glycolytic end products, levels of D- 
lactatc (marginally) and tauropine (primarily) were elc- 



Figure 6. Timc-coursc of ihc levels of succinate in Ihe shell adduc- 
lor (SA; solid circles) and fool U ; open circles) muscle of t/a/iotis la- 
mclfosa during experimental anoxia and recovery. For further details, 
sec Figure 2. 



Figure 7. Time-course of the levels of taurine (upper panel) and 
(lower panel) D-lactale (solid circles) and tauropine (open circles) in the 
shell adductor muscle (SA) of ftaliotis tamellosa during experimental 
anoxia and recovery. For further details, sec Figure 2. 

vated significantly in the shell adductor muscle, whereas 
the D-lactate levels were doubled in the foot without any 
significant rise in the tauropine levels. 

Discussion 

This study in the ormer is a good example of the prin¬ 
ciple that anaerobic energy metabolism in a muscle is 
specifically matched to the function of the muscle. It re¬ 
flects adaptation to specific metabolic need of the tissue. 
The two investigated tissues, the foot and the shell ad¬ 
ductor muscle, are employed by the animal for different 
tasks. The foot is mainly responsible for slow’ gliding 
movements that very likely are supported by aerobic me¬ 
tabolism In contrast, the shell adductor muscle pulls the 
ormer’s shicld-like shell tightly to the substratum to pre¬ 
clude dcssication during low’ tide and to prevent dislodg¬ 
ing by wave action. The shell adductor also rights an ani¬ 
mal that has been detached from the rocks. Thus, the 
shell adductor muscle is metabolically more active than 
the foot and performs burst contractions which, in gen¬ 
eral, rely on anaerobic metabolism. However, when the 
whole animal has to cope with hypoxic or even anoxic 
conditions, both tissues need to have the capacity for 
maintaining metabolism anaerobically. 
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Figure 8. Time-course of ihe levels of taurine (upper panel) and 
(lower panel) D-lactate (solid circles) and lauropine (open circles) in 
the fool (F) of llahotis lamellosa during experimental anoxia and re¬ 
covery. For further details, see Figure 2. 


This partitioning in function is also reflected in the 
metabolism of the two tissues. Compared to foot muscle, 
the shell adductor contains 4-fold higher levels of high- 
energy phosphates, ATP (and, in fact, the total adenylate 
pool), and arginine phosphate, suggesting a higher meta¬ 
bolic rate. This is confirmed when the energy demand 
for both tissues is calculated from the decreased levels 
of the phosphagens and the increased levels of glycolytic 
products occurring during experimental anoxia (Table 
III): the ATP production rate (^moles g -1 wt wgt min -1 ) 
for the shell adductor muscle is about twice as high as for 
the foot. In both tissues the bulk of the energy is provided 
by anaerobic glycolysis (between 70 and 80%), the re¬ 
mainder by the phosphagen (Table III). Again, the glyco¬ 
lytic flux (calculated in nmoles glycosyl units g 1 wt wgt 
min' -1 ; Table III) is also 1.5-fold higher in the shell ad¬ 
ductor. 

The main qualitative difference between the two tis¬ 
sues is the involvement of two different glycolytic end 
products in anaerobic metabolism. Whereas glycogen 
breakdown in foot results in the production of D-lactate, 
glycolysis in the shell adductor is terminated with the for¬ 
mation of the novel end product tauropine. Thus, the 
tauropine/tauropine dehydrogenase system—function¬ 
ally analogous to the lactate/lactate dehydrogenase sys¬ 
tem—is active in the shell adductor muscle to maintain 
cytoplasmic redox balance. This pattern of end product 
formation in the different tissues is in agreement with the 
enzymatic complement of the respective tissue: lactate 
dehydrogenase is the predominant pyruvate reductase 
present in the foot; tauropine dehydrogenase is almost 
exclusively present in the shell adductor (Gade, 1986). 


We now ask why tauropine dehydrogenase turns up in 
this mollusc, and why taurine is used as a substrate for 
a dehydrogenase. Opine dehydrogenases which use the 
amino acids L-arginine, glycine, and L-alanine for the 
condensation reaction with pyruvate are already known 
(see review by Gade and Grieshaber, 1986). Obviously, 
the opine dehydrogenases that have evolved are those 
that would make use of the most abundant amino acids 
in the species. The same is true for the amino acid tau¬ 
rine. From the amino acids used for opine production 
(arginine, glycine, alanine, taurine) it is the one with the 
highest concentration in the shell adductor muscle of the 
ormer (Gade, 1986 and this study for arginine). There 
seems a sort of “co-evolution’' of the most abundant 
amino acid and the corresponding opine dehydrogenase; 
thus, the specificity of the enzyme for the amino acid 
may be evolutionarily altered as a consequence of the 
“makeup" of the pool of amino acids in the different tis¬ 
sues. The mechanism of this is not understood yet, how¬ 
ever another example is in the literature. In the poly- 
chaete worm Aphrodite aculeata, strombine dehydroge¬ 
nase was found in pharynx muscle containing extremely 
high levels of glycine, whereas alanopine dehydrogenase 
was present in body wall musculature (Storey, 1983). 
Siegmund (1986; also cited in Grieshaber and Kreutzer, 

1986) compared the concentrations of those amino acids 
involved in the action of octopin-, strombine-, and ala¬ 
nopine dehydrogenase from various marine inverte¬ 
brates (coelenterates, molluscs, and annelids) to the 
amounts of octopine, strombine, and alanopine actually 
formed during environmental anoxia. He showed that in 
the species investigated the most abundant of these 
amino acids was used as a substrate for opine formation. 
This was the case for alanine/alanopine in Littorina litto- 
ralis, L. littorea, Nucella lapillus, and Glycera convoluta, 
and forglycine/strombine in Halichondrapanicea, Myth 
lus edulis, Crassostrea angulata, Pharus legumen, Solen 
marginatus , Ensis siligua . Lutraria lutraria, Arenicola 
marina, Nephtys hombergi , Phenisa plumosa , and Pecti- 
naria koreni. However, tauropine production was not 
analyzed, but in many of the species taurine concentra¬ 
tions are higher than those of the other amino acids de¬ 
termined. Thus, with the present small data base avail¬ 
able—tauropine dehydrogenase has additionally only re¬ 
ported from muscle tissue of the brachiopod Glottidea 
pyramidata (Doumen and Ellington, 1987)—it is not 
possible to conclude from a high taurine concentration 
to the presence of tauropine dehydrogenase and/or pro¬ 
duction of tauropine. 

Another question concerning H. lamellosa is: what is 
the significance of tissue-specific differences in pyruvate 
metabolism? We speculate that the driving force that led 
to the appearance of tauropine dehydrogenase in the 
shell adductor muscle is the requirement for burst activ- 
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Table II 

Levels of aden vlates. variou \ >> ** «. v t nmolesg ; w t • wgt) and adenylate energy charge in shell adductor 

andhxu muscle of Malioir 'un.el i during exercise (15 min) 


Shell adductor muscle 


Foot muscle 



Control 

Exercise 

Control 

Exercise 

Meiab t 

(n - 7) 

(n = 4) 

(n = 7) 

(n - 4) 


ATP 

3.25 

+ 

0.99* 

2.65 ± 

0.11 

0.73 ± 

0.31 

1.00 

+ 

0.59 

A DP 

0.96 


0.20 

1.02 ± 

0.18 

0.14 ± 

0.06 

0.20 

± 

0.07 

AMP 

0.23 

+ 

0.16 

0.14 ± 

0.07 

0.03 ± 

0.01 

0.05 


0.02 

Sum 

4.44 


1.23 

3.81 ± 

0.28 

0.90 ± 

0.32 

1.25 

+ 

0.64 

Energy charge 

0.85 


0.04 

0.83 ± 

0.03 

0.88 ± 

0.03 

0.86 


0.06 

Arginine 

19.63 

± 

4.38 

21.25 ± 

4.00 

3.56 ± 

1.23 

5.54 


2.46 

Arginine phosphate 

11.77 

+ 

2.92 

9.88 ± 

3.37 

3.42 ± 

1.18 

4.41 

-f; 

3.91 

Sum 

31.40 

+ 

2.31 

31.13 ± 

4.65 

6.98 ± 

2.27 

9.95 


6.17 

D-lactatc 

0.50 

± 

0.10 

0.86 ± 

0.16** 

0.33 ± 

0,19 

0.77 

± 

0.15' 

Tauropine 

1.22 

± 

0.57 

5.83 ± 

2.09** 

0.23 ± 

0.10 

0.40 

+ 

0.26 

Taurine 

243.2 


39.50 

168.90 ± 

22.0** 

91.6 ± 

50.5 

84.0 

± 

23.9 

L-alanine 

1.72 

± 

0.46 

2.83 ± 

1.48 

0.56 ± 

0,28 

1.26 

± 

0.57' 

D-alanine 

1.60 

± 

0.45 

1.09 ± 

0.74 

0.37 ± 

0.18 

0.18 

± 

0.15 

Aspartate 

1.61 

± 

0.47 

0.60 ± 

0.48** 

1.77 ± 

0,80 

1.05 

± 

0.66 

Succinate 

0.36 

± 

0.14 

0.40 ± 

0.25 

0.1 1 ± 

0.03 

0.10 

± 

0.09 


* All values given as mean ± SD. 
•• Significant to control. 


ity creating functional anoxia during the righting move¬ 
ments. Such active muscle work needs a rapid activation 
of glycolytic energy production, which eventually leads 
to an increased redox status (NADH/NAD 4 ratio). 
Based on theoretical considerations of thermodynamic 
properties of opine and lactate dehydrogenases, it was 
proposed that the large amino acid pool used for opine 
production is decisive for maintaining the NADH/ 
NAD + ratio lower than using the lactate pathway (see 
review’ by Fields, 1983). Most other arguments for the 
possible advantages of opine synthesis versus lactate for¬ 


mation ( e.g lack of disturbance of internal osmolaritv 
and less acidification) have been dismissed, as discussed 
recently by Grieshaber and Kreutzer (1986). 

Besides glycogen and arginine phosphate breakdown, 
the amino acid aspartate provides energy during anoxia. 
The simultaneous depletion of aspartate and accumula¬ 
tion of succinate and alanine in both tissues indicates 
cofermentation of glycogen and aspartate as known to 
occur in other invertebrates during lack of oxygen (see, 
for example, Gade, 1983a, 1987a; Kreutzer el aL 1985). 
The observation of only very small amounts of succinate 


Table III 

C otnpari son of energy yield (nmoles A 77 * g 1 wt • wgt), rate of energy consumption (nmoles A IT g 1 wt • wgt min f ), and glycolytic flux (nmoles 
gl\ cowl units g 1 wt ■ wgt nun *) in shell adductor and foot muscle of I laliotis lamellosa during experimental anoxia and exercise* 


ATP equivalents 



Mmoles g 

1 wt wgl) from 

Kate of consumption of ATP 
(pinoles g 1 wt • wgt min 1 ) 

Glycolytic flux 
(nmoles glycosyl unit 
g' 1 wt-wgt min ') 


Glycolysis** 

Phosphagcn 

Six-hour expenmenta t 

shell adductor 

18.9 (70%)*** 

8.2 

0.08 

16.3 

fool 

12.2(79%) 

3.2 

0.04 

10.2 

I.xercisc 

shell adduclor 

9.3(81%) 

2.2 

0.77 

206 

fool 

.0 (100%.) 

— 

0.10 

22.7 


• For calculations sec Meinardus-Hagcr and Gade, 1987. 

*• The small increase of succinate was assumed to derive by aspartate breakdown and is included in this calculation. 

Contribution of glycolysis as percentage ol total equivalents of A 1 P is given in brackets. 
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formed in both tissues of the ormer during anoxia and no 
production of propionate makes it highly unlikely that 
succinate is derived from glycogen by the so-called phos- 
phoenolpyruvate carboxykinase route. This pathway is 
apparently only operative in '‘good anaerobes" tolerat¬ 
ing prolonged hours of anoxia (see Introduction). The 
lack of propionate (and acetate) formation in the ormer 
is then indicative that this species can tolerate anoxic 
conditions for only a fraction of the time compared to 
species such as certain blue mussels, oysters, and many 
annelids. Indeed, preliminary' experiments with speci¬ 
mens of H. lamellosa showed that these animals were 
unable to survive experimental anoxia longer than eight 
hours. 

Recovery in both muscles of H. lamellosa was quite 
similar. Levels of the high-energy phosphates and succi¬ 
nate were rapidly restored, but asparate levels increased 
slowly (and only) in the foot. Similar changes have been 
reported during recovery' in the foot of the cockles, Car- 
dium edule (Gade and Meinardus, 1981) and C. tubercu¬ 
latum (Meinardus-Hager and Gade, 1987), and the ad¬ 
ductor muscle of the file shell, Lima hians (Gade, 
1983b). 

Levels of the respective glycolytic end products in the 
tissues of the ormer, D-lactate and tauropine, were not 
cleared during the first h (foot) or 3 h (shell adductor) of 
recovery, but also did not significantly increase during 
this time period. Thus, it is highly unlikely that an anaer¬ 
obic initial phase of recovery occurs as observed in tis¬ 
sues of the bivalves Mytilus edulis (de Zwaan et ai, 
1983), M. squamosus (Nicchitta and Ellington, 1983), 
and Crassostrea gigas (Eberlee et ai, 1983). 

The power output during exercise in the ormer is low 
relative to the jet propulsion of cephalopods and scallops 
or the jumps of the cockle, C. tuberculatum. The present 
study shows that energy demand increases for both mus¬ 
cles in comparison to experimental anoxia: about 10- 
fold for the shell adductor and about 2-fold in the foot 
(Table III). Since the energy is mainly or exclusively 
(foot) derived from glycolysis, the same increases are cal¬ 
culated for the glycolytic fluxes (Table III). These in¬ 
creases are small when compared to C. tuberculatum , 
where during jumping the glycolytic rate is enhanced 
100-fold above the resting rate (Gade and Meinardus- 
Hager, 1986). The calculations in Table III also show 
that the shell adductor muscle is particularly involved in 
exercise of the ormer; its rate of energy consumption and 
its glycolytic flux are about 8- to 9-fold higher than those 
of the foot. The bulk of the energy during exercise came 
from glycolytic tauropine formation in the shell adduc¬ 
tor muscle, although there was also some D-lactate pro¬ 
duction. Thus, anaerobic breakdown of glycogen to tau¬ 
ropine also supports exercise metabolism, as it did me¬ 
tabolism during experimental anoxia. 


The formation, during both experimental and func¬ 
tional anoxia, of both glycolytic end products—tauro¬ 
pine and D-lactate—in the shell adductor muscle may 
be explained by theoretical considerations of the equilib¬ 
rium constants of the respective reactions. Since the de¬ 
gree of product formation is determined by the equilib¬ 
rium constant (K* q ) of a reaction, we measured the K^q 
constants for the reactions catalysed by tauropine (TDH) 
and D-lactate dehydrogenase (D-LDH). These were 
IQ q (TDH) = ([pyruvate] X [taurine] X [NADH] X [H + ]) 
X ([tauropine] X [NAD + ]) _I = 7.15 X 10~ 13 Af (Gade, 
1986) and K^D-LDH) = ([pyruvate] X [NADH] 
X [H 4 ]) X ([D-lactate] X [NAD + ]) _1 = 1.3 X 10 12 (Gade 
and Meinardus-Hager, 1986). 

We can use these values to assess whether this theoreti¬ 
cal equilibrium is reached in vivo by both enzymes. The 
actual equilibrium is given by the mass action ratio, e.g., 
MAR ldh = ([pyruvate] X [NADH] X [H + ]) X ([D-lac- 
tate] X [NAD ]) 1 and MAR TDH = ([pyruvate] X [tau¬ 
rine] X [NADH] X [H 4 ]) X ([tauropine] X [NAD 4 ])" 1 . 

These ratios, however, were not calculated because 
data for neither the internal proton concentration, nor 
the NAD + /NADH ratio, are available for the shell ad¬ 
ductor muscle. However, assuming that the reaction 
catalysed by LDH is at or near equilibrium in most bio¬ 
logical systems, we can obtain indirect information on 
the equilibrium situation of the TDH reaction using the 
IQq values (see above). The ratio K^ q (TDH)/Ke q (D- 
LDH) has the value of 0.55 M and corresponds to the 
quotient ([D-lactate] X [taurine]) X ([tauropine])” 1 , 
since TDH and LDH share common substrates such as 
pyruvate, NADH, H + , and NAD + (see above). Thus, if 
we use the concentrations of D-lactate, taurine, and taur¬ 
opine measured in the shell adductor, the calculated ra¬ 
tio should be close to the theoretical value, 550 m M, if 
both reactions are near equilibrium (our assumption). 

Table IV shows that the reactions are not exactly at the 
theoretical equilibrium, but the “close equilibrium" of 
neither reaction changed much during anoxia and subse¬ 
quent recovery. Thus, the formation of primarily tauro¬ 
pine and a little D-lactate is according to the equilibrium 
constants of the reactions. In contrast, after exercise the 
quotient was 10-fold lower than the theoretical value in¬ 
dicating that the reactions of D-LDH and/or TDH are in 
“disequilibrium." Our data do not indicate which reac¬ 
tion that is, but a recent paper on a similar phenomenon 
in foot muscle of C. tuberculatum argues for a “disequi¬ 
librium" of D-LDH because of its low activity and the 
enhanced production of pyruvate and NADH due to the 
increased glycolytic flux (see details in Gade and Meinar¬ 
dus-Hager, 1986; pages 197 and 198). The same argu¬ 
ments can be applied to the ormer during exercise: D- 
LDH activity in the shell adductor is much lower than 
TDH activity and glycolytic flux is enhanced. 


130 


G. GADE 


I able IV 


Calculation of the auont - for shell adductor muscle of Haliotis lamcllosa during experimental anoxia r recovery, and exercise* 

% > opine] 


6-h anoxia l-hrecover>’ 3-h recovery 13-h recover) Exercise 


Quotient (m.l/ 199 190 133 217 133 50 


• Tissue concentrations calculated from data presented in Table 11 and Figures 7 and 8 under the assumption that the water content of the tissues 

is 50%. 


In conclusion, the energy metabolism in both the shell 
adductor and foot muscle is powered by co-fermentation 
of glycogen and aspartate and transphosphorylation dur¬ 
ing experimental anoxia. According to differences in tis¬ 
sue activities, as well as thermodynamic properties of the 
two pyruvate reductases (TDH, LDH), tauropine is the 
preferred end product in the shell adductor, while D-lac- 
tate accumulation occurs in the foot. Recovery in well- 
aerated seawater reverses most of the metabolic changes 
seen during anoxia, but the time courses for high-energy 
phosphates (fast) and glycolytic end products (slow) are 
quite different, as in other molluscs. Enhanced glycolysis 
and maintenance of redox balance by the reaction of 
tauropine dehydrogenase are the main features of exer¬ 
cise in the shell adductor, and the foot is only minimally 
involved during this behavior. 
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